The membrane proximal external region (MPER) of HIV-1 gp41 is targeted by broadly neutralizing antibodies (bnAbs) 4E10 and 10E8. In this proof-of-concept study, we evaluated a novel multi-immunogen vaccine strategy referred to as Incremental, Phased Antigenic Stimulation for Rapid Antibody Maturation (IPAS-RAM) to induce 4E10/10E8-like bnAbs. Rabbits were immunized sequentially, but in a phased manner, with three immunogens that are progressively more native (gp41-28×3, gp41-54CT, and rVV-gp160 DH12 ). Although nAbs were not induced, epitope-mapping analyses indicated that IPAS-RAM vaccination was better able to target antibodies towards the 4E10/10E8 epitopes than homologous prime-boost immunization using gp41-28×3 alone. MPER-specific rabbit monoclonal antibodies were generated, including 9F6. Although it lacked neutralizing activity, the target epitope profile of 9F6 closely resembled those of 4E10 and 10E8 ( 671 NWFDITNWLWYIK 683 ). B-cell repertoire analyses suggested the importance of co-immunizations for maturation of 9F6, which warrants further evaluation of our IPAS-RAM vaccine strategy using an improved priming immunogen.
Introduction
To date, dozens of human monoclonal antibodies (mAbs) have been isolated from virus-infected patients that can neutralize a large number of HIV-1 variants from multiple clades (Huang et al., 2014 (Huang et al., , 2012 Pejchal et al., 2011; Scheid et al., 2011; Walker et al., 2011 Walker et al., , 2009 Wu et al., 2010; Zwick et al., 2001) . These broadly neutralizing antibodies (bnAbs) target a few select conserved sites of vulnerability on viral envelope glycoproteins gp120 and gp41 (for reviews, see Georgiev et al. (2013) , Haynes et al. (2014) , Kwong et al. (2013) , Mascola and Haynes (2013) , Mascola and Montefiori (2010) , McCoy and Weiss (2013) and van Gils and Sanders (2013) ). One of these targets is the membrane proximal external region (MPER), a highly conserved domain of~22 amino acid residues situated at the C-terminal end of the gp41 ectodomain. The MPER is thought to play a critical role during the fusion between viral and cellular membranes (Muñoz-Barroso et al., 1999; Salzwedel et al., 1999) . It is targeted by bnAbs 2F5, Z13e1, 4E10 and 10E8 (Huang et al., 2012; Purtscher et al., 1994; Stiegler et al., 2001; Zwick et al., 2001 ). 4E10 and 10E8 are particularly notable as they have been shown to neutralize~98% of the HIV-1 isolates tested (Huang et al., 2012) . 4E10 and 10E8 epitopes lie within the C-terminal 13 residues of the MPER (   671   NWFDITNWLWYIK   683 ) and their crystal structures have been determined (Cardoso et al., 2007; Huang et al., 2012) .
Despite having short, linear, simple alpha-helical epitopes, efforts to develop a vaccine that can induce 4E10/10E8-like bnAbs have been unsuccessful (see Banerjee et al. (2016) and Habte et al. (2015) and references therein). Since all of the immunogens evaluated could bind 4E10/10E8, the failure to induce similar bnAbs is not because antigens could not assume the correct epitope structures. Rather, it is likely due to the difficulty in inducing high levels of MPER-directed antibodies that can bind the neutralizing epitopes in the context of a whole trimeric gp120/gp41 complex. Unfortunately, this problem cannot be remedied simply by using a trimeric envelope complex because the MPER is immunorecessive compared to other epitopes that elicit typespecific or non-neutralizing antibodies. An additional challenge in inducing MPER neutralizing antibodies is that the structure of the gp41 subunit is highly dynamic as it undergoes significant structural changes to mediate fusion between viral and cellular membranes (Melikyan, 2008) . The conformation, orientation and accessibility of the MPER neutralizing epitopes likely vary significantly at different stages of the fusion process, about which little is known at the present time. Further, the orientation of the MPER relative to the membrane surface or to the rest of the native gp120/gp41 trimeric complex is unknown. These factors make it difficult to design small, sub-domain immunogens.
Taken together, the major challenge in developing an MPER-based vaccine is designing immunogens and/or developing vaccine strategies that both force the immune system to focus antibody responses towards the MPER and also guide antibody evolution so that mature antibodies bind neutralizing epitopes on trimeric envelope spikes on the virus particles. Considering that antibody maturation will have to occur during a relatively short timeframe, we postulated that inducing bnAbs against the MPER would be impossible to accomplish with a single immunogen using typical vaccine approaches. To address this problem, we devised a novel vaccine strategy, referred to as Incremental, Phased Antigenic Stimulation for Rapid Antibody Maturation, or IPAS-RAM. The basic concept is to prime the immune system using a small MPER-derived peptide to stimulate a broad spectrum of antibodies against the MPER, then selectively amplify those that bind the native structure by boosting with progressively more native immunogens. Although a number of studies recently reported sequential immunization with different immunogens, they used only a single immunogen during each immunization Escolano et al., 2016; Haynes et al., 2012; Sok et al., 2016; Tian et al., 2016) . What makes our IPAS-RAM strategy unique is that the immune system is exposed to different, but related, immunogens simultaneously in a phased manner, such that B cells stimulated by a smaller immunogen can concurrently engage common epitopes on a larger, more native immunogen. By repeating this process using incrementally more native antigens, we hypothesized that the immune system can better target MPER neutralizing epitopes and that antibodies could undergo the maturation process more efficiently.
In this proof-of-concept study, we evaluated the IPAS-RAM vaccine strategy using three immunogens in rabbits: An MPER-based polypeptide, a membrane-bound gp41 mini-protein, and a full-length gp160. We hypothesized that a peptide-based priming antigen would be highly effective in eliciting antibodies against the MPER, and that boosting with progressively larger and more "native" antigens would enable select antibodies to mature into bnAbs capable of binding gp41 as it appears in the native trimer. Although we did not succeed in eliciting neutralizing antibodies, results of our study demonstrate proof-of-principle for the IPAS-RAM vaccine strategy and identify ways to improve it.
Results

Immunogens
To focus antibody responses towards the MPER, we generated an immunogen designated gp41-28×3, which consists of three tandem copies of the C-terminal 28 a.a. of gp41 ectodomain (Fig. 1A) . The immunogen was produced initially as a fusion protein (HR1-HR2-28×3) by adjoining 28×3 to the HR1-HR2 regions of gp41, which forms a six-helix bundle (6HB) (Shi et al., 2010) . This was done because we had observed that HR1-HR2 6HB allows high level protein expression in E. coli ( Fig. 1B; unpublished data) . The HR1-HR2 portion was subsequently removed by thrombin digestion (Fig. 1C) . Three 28-mer peptides were linked together to increase its immunogenicity without requiring conjugation to a heterologous carrier protein. All of the bnAbs tested (2F5, Z13e1, 4E10 and 10E8) bound gp41-28×3 (Fig. 1D) . However, 10E8 binding was about~50-fold weaker than 2F5 and~10-fold weaker than Z13e1 and 4E10, suggesting that the conformation of the 10E8 epitope may not be optimal.
The conformation, orientation, and/or accessibility of the neutralizing epitopes on the MPER are likely affected by the membrane surface as well as other proximal gp41 domains (Irimia et al., 2016; Montero et al., 2012; Rujas et al., 2015) . To present the MPER in a more nativelike setting, we generated a second immunogen designated gp41-54CT. It comprises the C-terminal 54 a.a. of the gp41 ectodomain that includes the HR2 domain and the MPER, along with the transmembrane domain and the cytoplasmic tail (CT). We hypothesized that this immunogen would selectively amplify a subset of antibodies induced by gp41-28×3 that could bind the MPER in the context of the membrane surface and HR2. HEK-293T cells transfected with the plasmid encoding gp41-54CT could be detected using 2F5, Z13e1 and 4E10 by flow cytometry analyses (Fig. 1E) , indicating cell surface expression of the protein and correct conformation of neutralizing epitopes. Both gp41-54CT and gp41-28×3 are based on M group consensus sequence . For the final boost, we generated a recombinant vaccinia virus expressing the full-length gp160 of the HIV-1 DH12 strain (rVV-gp160 DH12 ). A schematic diagram showing the relative sizes of the three immunogens are illustrated in Fig. 1F .
Immunization and evaluation of antibody responses
To evaluate IPAS-RAM vaccine strategy, rabbits (R1, R2 and R3) were first immunized with gp41-28×3 only ( Fig. 2A) . Four weeks later, a combination of gp41-28×3 and gp41-54CT was administered, with the latter delivered by DNA electroporation. Instead of immunizing with just gp41-54CT, gp41-28×3 was also included because we postulated that immunizing with both immunogens would preferentially stimulate antibody responses towards epitopes present on both immunogens (i.e. the C-terminal 28 a.a.). Similarly, on week 11, a combination of gp41-54CT and rVV-gp160 DH12 was administered. After the first immunization, the antibody titers reached > 10 3 and the titers increased by about 100 fold after the second immunization (Fig. S1A ). However, because significant increases in antibody responses were not observed after the third immunization, a fourth immunization was given on week 29 using gp41-28×3 and rVVgp160 DH12 . The long resting period was given so that antiviral immune responses against the vaccinia virus vector induced after the third immunization would subside. Antibody responses increased only slightly after the fourth immunization. To identify immunogenic linear epitopes, ELISAs were conducted with overlapping 10-mer peptide sets biotinylated either at the N-or Cterminal ends as we previously reported (Banerjee et al., 2016; Habte et al., 2015) . After the first immunization, very little response was detected (Fig. 2B) . However, after the second immunization, strong antibody responses were detected against peptides in the cluster II immunodominant region just upstream of the 2F5 epitope (peptides 653 and 656; also peptide 650 for rabbit R2). After the third immunization with gp41-54CT and rVV-gp160 DH12 , the cluster II region still remained immunodominant. However, antibody responses appeared against other linear epitopes. R2 showed good binding to peptide 662 ALDKWASLWN 671 containing the 2F5 epitope. This rabbit also showed low level reactivity against other C-terminal peptides (665, 668, 671 and 674 To examine whether antibodies induced by the IPAS-RAM vaccine strategy are different from those induced by a typical homologous prime-boost immunization, another group of rabbits (R4, R5 and R6) was immunized with gp41-28×3 (Fig. 2C) . Strong antibody responses were induced after the first immunization (~10 4 to~10 5 ; Fig. S1B ). Since these rabbits received the same vaccination as the animals in the IPAS-RAM group, the higher antibody titers suggest animal-to-animal variations. Antibody titers continued to increase with each successive immunization (Fig. S1B) . Not surprisingly, 10-mer peptides 653 and 656 were most immunogenic (Fig. 2D) , which might be the reason why they were also immunogenic in the IPAS-RAM group. After the fourth immunization, high-level antibodies were detected against peptide 674 all three animals. R4 and R6 mounted strong antibody responses against the 671 peptide that contains 4E10/10E8 epitopes. Overall, the gp41-28×3 homologous prime-boost immunization induced more robust antibody responses against gp41 MPER than the IPAS-RAM vaccine. Interestingly, antibodies from rabbit R6 reacted strongly to peptides 647 even though gp41-28×3 does not extend this far out into the N-terminus. . Another possibility is that our gp41-28×3 preparation could have minor contamination of the HR1-HR2 fragment or undigested HR1-HR2-28×3.
2.3. Antibody responses against the C-terminal 13 a.a. residues of gp41 MPER Despite the overwhelming immunodominance of the cluster II region, antibody responses were induced towards the C-terminal end (Reardon et al., 2014) ) and BG505 SOSIP gp140 structure (5 C7K; (Kong et al., 2015) ) were used. Structures were rendered using Chimera (Pettersen et al., 2004). of the gp41 ectodomain, where 4E10/10E8 epitopes are located, in five of the six rabbits. However, no serum neutralizing activity was detected (data not shown). Regardless, we were interested in determining whether antibodies against the C-terminal 13 a.a. were qualitatively different between the two vaccine groups. We examined which amino acid residues were targeted by ELISA using two panels of alanine mutant peptides. First, we used peptides that were biotinylated at the C-terminal K683 (Fig. 3A and B) as previously described (Banerjee et al., 2016; Habte et al., 2015) . As noted previously, the D674A mutation affects the helical conformation of the peptide (Banerjee et al., 2016; Habte et al., 2015) ; thus, results should be interpreted with some caution. For R2, the four residues that were most affected besides D674 were F673, N677, W678 and L679. Residues important in R3 were N671, W672, F673 and N677; the first three of which are absolutely critical for 10E8. Of all the immunogens we evaluated to date (Banerjee et al., 2016; Habte et al., 2015) , this is the first time we targeted all three of these residues. For R4, the pattern was similar to R3, except that W6762 was not targeted. The epitope targeting profile for R5 was quite unique in that antibodies targeted W680 and Y681. The overall pattern for R6 resembled that of R2, except for not targeting T676 and N677.
Because peptides that were biotinylated at the C-terminal K683 might not allow binding of some antibodies (e.g. those that approach the peptide from the C-terminal end), the analyses were repeated using peptides that were biotinylated at the N-terminus with a two glycine spacer ( Fig. 3C and D) . As expected, somewhat different patterns were observed, especially for R3, which showed marked difference ( > 40%) for residues N671, N677, W678, W680, Y681 and K683. For rabbits R4, R5 and R6, however, many of the targeted residues identified using one peptide set are simply a subset of residues identified using the other peptide set. For example, for R6, the important residues were F673, I675, W678 and L679 using peptides biotinylated at the Cterminus while additional N677 and W680 were identified using peptides biotinylated at the N-terminus. Pre-immune, as well as post-immune sera (two weeks post each immunization) were taken. PBMC were collected four days after immunization (except after 4th) for antibody repertoire analyses. To generate hybridomas, Rabbit R3 was immunized intravenously on week 35 with gp41-28×3 and spleen was collected four days later. (B) Immunogenic, linear epitopes were identified by ELISA using overlapping "10-mer" peptides. Serum samples collected two weeks after first (A1), second (A2), third (A3) and fourth (A4) immunizations were analyzed. A mixture of N-and C-terminally biotinylated peptides spanning the C-terminal 54 a.a. of gp41 ectodomain was used (B GG XXXXXXXXXX and XXXXXXXXXX GGK B, respectively; B=biotin, X=gp41 sequence). Pre-immune serum was used as a negative control. Horizontal brackets on top indicate the sequence for each peptide and core-binding epitopes for bnAbs 2F5, 4E10 and 10E8 are shown. The numbers on the X-axis indicate the starting a.a. position of "10-mer" peptides. Timeline (C) and epitope mapping analyses (D) for the homologous prime-boost immunization group with gp41-28×3.
Generation and characterization of MPER-specific monoclonal antibodies
Although target epitope profiling with whole serum provides some sense of which residues are critical for antibody binding, it does not provide clear information due to the polyclonal nature of antibodies. To better evaluate MPER-directed antibodies in R3 that might be targeting the 671 NWF 673 residues, and to gain insights into how we might improve immunogens and/or vaccine strategies, MPER-specific mAbs were generated and characterized. ) peptides (Fig. 4A ). This result suggested that the critical residues are also present within the four terminal residues at either ends of the 669-peptide (i.e. LWNW and WYIK). Alternatively, but not exclusively, the presence of four residues on 665-and 673-peptides at the N-or C-terminal ends, respectively (i.e. KWAS and IFIM), could be interfering with antibody binding. Additional mapping analyses with shorter peptides indicated that 9F6 epitope resided within 683 peptide biotinylated at the C-terminal lysine, suggesting that the antibody binds near K683 and that biotin sterically interferes with access. Interestingly, we isolated twelve 21B5-like hybridomas that bound both the N-and C-terminally biotinylated 13-mer peptide.
Detailed epitope mapping of 9F6 and 21B5 mAbs
To better define the 9F6 and 21B5 epitopes, ELISAs were performed using the two panels of scanning alanine mutant peptides as described in Fig. 3 . For comparison, 4E10 and 10E8 were also analyzed. As shown in Fig. 4B , mutating N671, W672, F673, T676 and N677 residues to alanine markedly diminished 9F6 binding when tested with C-terminally biotinylated peptides. To a lesser degree, mutating W680 also reduced binding. This target profile was remark- Fig. 3 . Detailed epitope mapping analyses of immune sera. ELISAs were conducted using a set of C-(panels A and B) or N-terminally (panels C and D) biotinylated 13-mer alanine mutant peptides to assess impact of the mutation on antibody binding in comparison to the unmutated peptide. Serum samples collected after the fourth immunization were used. Peptides were biotinylated (shown as red spheres) at the primary amine of C-terminal lysine or N-terminal glycine. Graphic views of residues that affected binding when mutated are shown. An axial view of N671 to R683 segment of the 28-mer peptide co-crystalized with 10E8 is shown (PDB: 4G6F). Residues that showed < 70% binding are shown. Residues that are more critical ( < 35%) are shown in darker tone. D674 is shown in grey.
ably similar to that of 4E10, except for I675 and L679, which were recognized by 4E10 but not by 9F6. Conversely, 9F6 targeted N677 whereas 4E10 did not. A similar targeting profile was observed when N-terminally biotinylated peptides were used (Fig. 4C ). However, one major difference was the W680A mutation, which showed a severe binding defect for both 9F6 and 4E10 using the N-terminally biotinylated peptide. It should be noted that while mutating W680 only moderately reduced peptide binding (Brunel et al., 2006) , it is important for neutralization by 4E10 (Brunel et al., 2006; Zwick et al., 2005) . Interestingly, the K683A mutation reduced 9F6 binding to 60% of the wild type even though the 671 10-mer peptide (   671   NWFDITNWLW   680 ) was sufficient to bind the mAb efficiently. The results are graphically summarized in Fig. 4D , which show significant overlap between 9F6 and 4E10/10E8 binding.
Overall, the antibody targeting profile of 10E8 was fairly similar to that of 4E10, although there were some notable differences (e.g. L679). Mutated residues that most severely diminished 10E8 binding were N671, W672, F673, I675, T676 and W680. To a lesser extent, mutating N677 and W678 also reduced recognition. The reduced binding by the W678A mutation was somewhat unexpected since it resides on the opposite side of the neutralization face, although Huang et al. (Huang et al., 2012) reported that mutating this residue reduced peptide inhibition of 10E8 neutralization by~20%. Also unexpected was the reduction of only 40% for the K683A mutation, when R683 was critical (Huang et al., 2012) . Similarly, the L679A mutation resulted in only a slight reduction when it had previously shown to exhibit a moderate effect (~50% reduction in neutralization inhibition) (Huang et al., 2012) .
The five most critical residues for 21B5 binding were W672, N677, W678, W680 and Y681. Thus, in contrast to 9F6, 21B5 targeted W678 and Y681, both which are located directly on the opposite side of the neutralization face (Fig. 4D) . Conversely, 21B5 failed to target N671 and only weakly bound F673, both of which are targeted by 9F6, as well as 4E10 and 10E8. Overall, 9F6 better resembled 4E10/10E8 than 21B5.
Sequence analysis of MPER-binding mAbs
To determine the origin of MPER-specific mAbs, antibody genes were PCR-amplified from hybridomas, cloned and sequenced. Analyses indicated that 6C10 heavy chain was derived from IGHV1S45*01 germline, while 9F6 and 21B5 originated from IGHV1S40*01 (Fig.  S2A-C) . 6C10 and 21B5 kappa chains were derived from the IGKV1S32*01 and IGKV1S44*01 germlines, respectively. Unfortunately, we have not been able to recover a productive light chain from the 9F6 hybridoma using known primer sets for either kappa or lambda chains, despite exhaustive efforts. We suspect our primers may not bind the 9F6 light chain, due to either somatic mutations in the primer-binding site or suboptimal design based on incomplete information about the rabbit germline repertoire. Among the three mAbs, the heavy chain of 9F6 was the most conserved to germline, sharing 96.53% nucleotide identity, followed by 6C10 and 21B5 (91.32% and 87.85%, respectively). Similarly, the kappa chain of 6C10 was less divergent than that of 21B5 (90.32% and 89.25%, respectively). Surprisingly, high levels of mutations were observed in FR1 for 6C10 and 21B5. The importance of these mutations in antibody function has not been determined. Of the twelve 21B5-like mAbs that could bind C-terminally biotinylated 671-13mer peptide, five representative hybridomas (21B6, 6F9, 31A4, 27A1 and 17-4H2) were selected for further characterization. Sequence analyses showed that all five mAbs belonged to the same clonal family as 21B5, as determined by predicted germline, junction, and CDR3 identity (Fig. S2D) . It should be noted, however, that IMGT predicted 21B6 heavy chain might be derived from the IGHV1S45*01, which is highly related to IGHV1S40*01 and differ only at the very 5' end of the V-gene. Although convergent affinity maturation of antibodies derived from different germlines is a possibility, we suspect a more likely scenario is a gene conversion event between the two V genes following V-D-J recombination. The heavy chains of 21B5-like mAbs were less divergent from the germline than 21B5 (91.93-97.22% identity). Differences from germline were most highly concentrated in the CDR2. The kappa chains were more divergent than the heavy chains, with germline identity ranging from 87.81% to 89.96%. Of note, when comparing similarities versus differences of 21B5 to the other clonal family members (Fig. S2D , cyan highlights versus yellow), mutations in the kappa chain were much more conserved across the family than the heavy chain, where 21B5 represents a more distinctive sequence.
Bioinformatics analyses of B cell repertoire and antibody maturation
To gain insights into possible maturation pathways of the MPERspecific mAbs, the antibody repertoire was analyzed by NGS of PBMC collected four days after the first three immunizations (A1, A2, A3), as well as terminal PBMC (TP) and spleen (TS). A total of 13.3M raw reads were obtained, from which 290,848 unique productive heavy chain and 89,760 kappa chain sequences were derived (Table S1 ). The lambda chain was not sequenced, as it is underutilized in rabbits (Appella et al., 1974) . Clonally related heavy chain sequences were inferred, and the full-length sequences related to MPER-specific mAbs were determined (Table S2) . A total of 19,133 clonally related sequence clusters were found. Of these, 10,924 were represented in more than one sample (Fig. S3) . Heavy chains used primarily two V-genes (IGHV1S40 and IGHV1S45) and J-gene IGHJ4 (Fig. S4) . D-gene usage was more diverse. The most commonly used V-gene for the kappa chain was IGKV1S32 (Fig. S5) . Note that the apparent predominant usage of kappa J-gene IGKJ1-2 is an artifact from amplification with a 3′ primer that closely resembles the IGKJ1-2*01 sequence.
The interrelationships between all sequenced antibody heavy chains ("heavy chain antibodyome") are graphically shown in Fig. 5A , and the clonal families of mAbs 6C10, 9F6 and 21B5 are highlighted. CDR3 spectratypes of the heavy and kappa chains are plotted in Fig. 5B . The non-Gaussian distribution of the CDR3 length suggests active antibody developments. While κCDR3 length remained fairly constant, peaking at 12 a.a., significant variation in HCDR3 length was observed after each immunization, indicating fluctuations in antibody repertoires generated in response to different antigenic stimulations. After the second immunization, when a strong anamnestic response against gp41-28×3 was observed (Fig. 2B) , the peak HCDR3 length changed from 13 to 14 a.a. (Fig. 5B) . It is worth noting that, 6C10 has a HCDR3 length of 14 a.a. (ARDLDDVIGWNFGW), suggesting that the shift in the peak HCDR3 length could be due to a strong antibody response against the cluster II immunodominant region (peptides 653 and 656; Fig. 3 ). Consistent with this notion, IGHV1S45 and IGKV1S32, from which 6C10 heavy and light chains were derived, became the most dominant V-genes used after the second immunization (Fig. S4, S5 ). After the third immunization, there was a notable shift from 14 back to 13 a.a, which could be due to antibody responses directed against new antigens (e.g. vaccinia virus antigens). The dual peaks in the terminal PBMC sample (TP) may be the result of the fourth immunization with gp41-28×3 and rVV-gp160 DH12 .
The development of the B cell repertoire after the third immunization was dominated by novel clonal families (Fig. 5C ). This dominance could also be seen in Fig. 5A , where a large number of distinct clusters are predominantly associated with the A3 sample. The vast majority of the novel clonal families are expected to be antibodies against vaccinia virus antigens. Consequently, the proportions of clonal family sizes of the MPER-specific mAbs all contracted. Evaluation of the size of clonal family sizes showed clear immunodominance of 6C10 over both 21B5 and 9F6 epitopes (Fig. 5C) . Importantly, the development of the 6C10 lineage had already begun after the first immunization, whereas significant levels of 9F6 and 21B5 clonal families were observed only in terminal samples (TP and TS; Fig. 5C and D) . Alternatively, 9F6 and 21B5 could have begun to expand after the fourth immunization with gp41-28×3 and rVV-gp160 DH12 , a sample we were not able to analyze.
Since 9F6 best targeted the 4E10/10E8 binding site, its maturation process was examined in greater detail (Fig. 6) . A total of 12 substitutions were observed compared to the inferred naïve germline sequence, of which only six were within the CDRs (Fig. 6A) . Two of these mutations are potentially the result of a gene conversion event with IGHV1S45 (G14E and A15G; Fig. 6B ). Phylogenetic lineage analyses indicated that there was another mutation at an early stage of antibody evolution (T102A), which reverted back to the germline sequence (A102T). All substitutions except for V106L and T108I are observed in reads from the A1 sample point onwards. V106L and T108I are observed only in the terminal sample. The sequence identity/ divergence plot of 9F6 heavy chain illustrates good coverage of the development history of the mAb (Fig. 6C) .
Discussion
The antigenic repertoire of HIV-1 envelope proteins in virusinfected patients is vast, largely due to chronic virus replication continuously generating antigens with different amino acid sequences and variable glycosylation patterns. In addition, a large number of protein fragments is likely generated by proteolytic degradation. This antigenic complexity is further increased by the drastic conformational changes that occur when the protein mediates fusion between viral and cellular membranes. The transient nature of the gp41 structure makes targeting the MPER neutralizing epitopes even more challenging. Despite this unfavorable antigenic environment, the isolation of bnAbs against the MPER from HIV-1-infected patients, albeit rare, demonstrates the possibility of inducing such antibodies through vaccination. An important question is whether similar bnAbs can be induced using a single immunogen or whether it requires multiple immunogens used in concert. If the latter, then, how many and which immunogens? Would a single cocktail of all of the immunogens together work, or would administering them in a particular, sequential order be better?
During the past three decades, the vast majority of HIV-1 vaccine efforts focused on designing immunogens that can induce bnAbs. The failures to elicit bnAbs using immunogens that are deemed antigenically native dictate that more efforts should be made in exploring novel vaccine strategies, regimens, and/or formulations. Typically, vaccines consist of the same immunogen(s) administered multiple times (i.e. "homologous prime-boost" immunization; Fig. 7A ). However, as discussed earlier, it might be difficult, if not impossible, to induce MPER bnAbs using this strategy with a single immunogen. While a trimeric envelope complex may present the MPER in the native conformation, specifically targeting 4E10/10E8 epitopes may be like looking for the proverbial needle in a haystack due to the presence of multiple highly immunogenic epitopes on gp120. Even if naïve B cells that encode precursor B cell receptors against the neutralizing epitopes can be stimulated, they may fail to expand efficiently due to the competitive environment of germinal centers. Successive immunizations with the same immunogen would preferentially amplify antibodies targeting the immunodominant epitopes, resulting in the induction of non-or typespecific-neutralizing antibodies.
In this report, we described our initial effort to explore a novel IPAS-RAM vaccine strategy designed to enhance antibody responses against non-immunogenic target epitopes and expedite the antibody maturation process. The strategy is different from typical vaccinations in that the immune system is exposed to different immunogens sequentially, starting with a small immunogen to focus immune responses towards the desired region (e.g. the MPER) and induce a large antibody repertoire against all possible epitope conformations (Fig. 7B) . Subsequent immunizations are carried out with antigenically distinct, but related, immunogens that are progressively more "native" to guide the antibody maturation process. The final immunization is done with a whole envelope protein complex (i.e. trimeric gp120/gp41 on membrane) to increase the likelihood that mature antibodies can bind MPER epitopes in the context of native envelope spikes. During the course of the immunization, B cell clones that encode antibodies against epitopes that are absent or inaccessible on boosting immunogens are not expected to expand and are filtered out. The major hallmark of the IPAS-RAM vaccine strategy that is uniquely different from a simple "heterologous prime-boost" immunization is that immunogens are administered in a phased manner. Because the antigens are phased, anamnestic immune responses against previously administered immunogens could rapidly boost antibody responses against related epitopes on new immunogens ("concurrent boosting"). We hypothesized this strategy of "antigenic relays" and "antigenic filters" would expedite clonal expansion of target-epitope-specific B cells and accelerate antibody maturation, while minimizing antibody responses against non-conserved epitopes. We further hypothesized that the presence of different, but related immunogens simultaneously would allow "immunological crosstalks" (i.e. B cells stimulated by one immunogen engaging common/similar epitopes on different immunogens) that could facilitate antibody maturation.
To demonstrate proof-of-concept, we examined the IPAS-RAM vaccine strategy using three immunogens, gp41-28×3, gp41-54CT, and rVV-gp160 DH12 . Although we failed to induce neutralizing antibodies, we identified one mAb (9F6) with an epitope targeting profile that closely resembled those of 4E10 and 10E8. As typical for any exploratory study, we acknowledge that our study raised more questions than it answered. They include (1) what led to the induction of 9F6 and why does it fail to neutralize HIV-1; (2) did we use optimal -boost) , the unique and a novel feature of the IPAS-RAM vaccine strategy is co-immunization in a phased manner, which we expect will allow selective amplification of antibodies against common epitopes through immunological crosstalk and concurrent boosting. It is hypothesized that this could potentially rescue B cells against immunorecessive neutralizing epitopes. immunogens; (3) is the complex IPAS-RAM vaccine regimen any better than traditional vaccine strategies with simpler regimens; and (4) can the IPAS-RAM vaccine strategy be improved?
Based on NGS analyses (Fig. 5C ), we did not see significant levels of either 9F6 or 21B5-related antibodies until the terminal samples (TP and TS). While we cannot be certain as to what exactly led to the induction of 9F6, bioinformatics analyses provided some insights. In the A1 sample, % identities of the heavy chain V-gene of 9F6 clonal family members to germline ranged from 76.7% to 97.22%, which suggests that repertoire diversification had started. Since we did not have pre-immune samples to examine, it is possible that they existed prior to immunization with gp41-28×3. However, further expansion of all three mAb clonal families after the second immunization (A2) suggests that they were induced by gp41-28×3. The relative expansion of the 9F6 clonal family, as well as that of 21B5 and 6C10, shrank in A3, most likely due to dominant immune responses against vaccinia virus antigens. TP and TS samples were taken at the conclusion of the study. Thus, the marked expansion of the 9F6 and 21B5 clonal families could be due to the co-immunization with rVV-gp160 DH12 and gp41-28×3 (fourth immunization) and/or the final immunization with gp41-28×3 alone (administered to increase efficiency of generating MPERspecific hybridomas). However, three lines of evidence suggest that coimmunization might be responsible: (1) We did not see many 9F6 clonal family members in the A2 sample when a strong anamnestic response against gp41-28×3 was induced. (2) In phylogenetic analyses, the closest sequences to the evolutionary development of 9F6 (shown as intermediate sequences in Fig. 6B and C) all came from the TP sample. Further, the substitutions V106L and T108I were observed only in the terminal samples. (3) Epitope targeting profiles of antibodies induced by homologous prime-boost immunization using gp41-28×3 only, did not resemble that of 9F6 (compiled in Fig. 4E) . Notably, none of the three animals mounted significant antibody responses towards W672 and R683. Thus, while gp41-28×3 may have initiated repertoire diversification, subsequent exposure to both gp41-28×3 and rVV-gp160 DH12 simultaneously likely have guided the evolution of an 9F6 intermediate to its mature form. Several studies have reported the potential benefits of co-immunizations by combining different vaccine modalities (e.g. protein and DNA vaccination; (Jaworski et al., 2012; Krebs et al., 2014; Li et al., 2013; Patel et al., 2013) ). However, potential benefits could also arise from synergy between different immunogens, regardless of the vaccine modality. At the present time, the contribution of gp41-54CT/ rVV-gp160 DH12 co-immunization is unclear.
The major difference in epitope targeting between 21B5 and 4E10/ 10E8 is that 21B5 recognizes W678 and Y681, which lie on the opposite side of the neutralizing face. Thus, the lack of neutralizing activity is not unexpected. In contrast, all of the residues critical for 9F6 binding lie within the footprint of 4E10/10E8 (with a possible exception of N677). Therefore, it is not readily apparent why 9F6 fails to exhibit neutralizing activity. It is possible there are steric clashes between 9F6 and other parts of the trimeric envelope complex and/or the membrane surface that prevent 9F6 binding. Comparing a cocrystal structure of 9F6 bound to an MPER peptide to those of 4E10 and 10E8 could provide critical insights.
Linear epitope mapping analyses identified two peptides highly reactive to immune sera ( 653 QEKNEQELLA 662 and 656 NEQELLALDK 665 ; Fig. 2 ). This region corresponds to the cluster II immunodominant domain of gp41 (Xu et al., 1991) , suggesting that our vaccine regimen tested in rabbits recapitulated antibody responses mounted against gp41 in humans. A large fraction of the antibodies that bind these peptides likely represents clonal family members of 6C10 mAb, which targets 657 EQELLAL 663 (Fig.  4A) . Immunodominance of the 6C10 epitope was also evident from the antibodyome data. After the first immunization, the repertoire of antibodies clonally related to 6C10 was about 25-fold greater than those of 9F6 and 21B5 combined (Fig. 5C) . That increased to about 62-fold after the second immunization. Despite partial epitope overlap with 2F5, 6C10 lacked neutralizing activity. Interestingly, the llama mAb 2H10 that recognizes 657 EQELLELDK 665 has neutralizing activity (Lutje Hulsik et al., 2013) , suggesting the importance of targeting further downstream of the 6C10 epitope for inhibiting gp41 function. Other factors such as antibody footprint size, angle of approach, affinity, etc. could also play important roles. Detailed mapping analyses and structural studies of 6C10 could provide additional insights. All of the MPER bnAbs (2F5, Z13e1, 4E10 and 10E8) bound gp41-28×3 (Fig. 1D) . However, 2F5 binding was significantly better than 10E8 (~50-fold) and 4E10/Z13e1 (~3-to 5-fold). This might explain why the nearby 6C10 epitope was so immunogenic. Thus, retrospectively, gp41-28×3 may not have been an ideal priming immunogen to use for eliciting 4E10/10E8-like antibodies. An immunogen that has better exposure and/or affinity to 10E8, as well as one devoid of the cluster II region, might have elicited stronger antibody responses towards 4E10/10E8 epitopes. In this regard, a 4E10 scaffold-based immunogen, T88, which induced non-neutralizing antibodies with a target epitope profile similar to 4E10 (Correia et al., 2010) , could have been a better priming immunogen for our IPAS-RAM vaccine strategy.
Our NGS analyses of antibody genes largely focused on heavy chain sequences related to three mAbs against a few select linear epitopes. These sequences likely represent a tiny fraction of the vast range of clonal families and superfamilies whose development were stimulated by immunizations. We were unable to employ single-cell PCR amplification of antibody genes from FACS-sorted antigen-specific B cells due to the lack of suitable markers on rabbit plasmablasts and nonspecific binding of MPER immunogens to cells. Isolation of additional mAbs could facilitate and expand the scope of analyses. Alternatively, the NGS analyses could be conducted in conjunction with proteomics analyses of antibodies purified using immunogens (Cheung et al., 2012) , although we would not be able to pair authentic heavy and light chains. While further work is needed to dissect the specific developmental stimuli and mechanisms, these analyses have clearly demonstrated the utilities of repertoire sequencing towards better understanding of antibody responses in vaccine settings. Importantly, we have demonstrated that rabbits can be a useful animal model to evaluate antigen-specific B cell population dynamics using NGS data despite the fact that they use gene conversion, in addition to somatic hypermutation, to generate antibody repertoire.
Conclusions
In this study, we evaluated a novel IPAS-RAM vaccine strategy to induce 4E10/10E8-like bnAbs. Despite our unsuccessful efforts, which we attribute largely to the use of a suboptimal priming immunogen, results of the study demonstrate potential benefits of sequential immunization with multiple immunogens in a phased manner. Thus, further evaluation of the IPAS-RAM vaccine strategy is warranted, perhaps using a better priming immunogen. The target epitope profile of the 9F6 mAb we isolated closely resembled those of 4E10 and 10E8. To our knowledge, 9F6 may be the best vaccine-induced mAb that mimics 10E8. Comparative structural analyses of 9F6 with 10E8 could provide insights into why 9F6 lacks neutralizing activity and how we might be able to improve our vaccine strategy.
Materials and methods
Immunogen generation
The priming immunogen, gp41-28×3, was produced from a pHR1-HR2-28×3 construct. This plasmid was constructed from pGEX-2T gp41(30) (Penn-Nicholson et al., 2008) through multiple subcloning steps and site-directed mutagenesis, details of which will be described elsewhere. The pHR1-HR2-28×3 construct is based on a pET-21a vector. HR1-HR2-28×3 was expressed in E. coli, solubilized with 8M urea, and purified using Ni-NTA as we previously described (Banerjee et al., 2016; Habte et al., 2015; Qin et al., 2014) . The fusion protein was cleaved with thrombin (GE Healthcare; cat#27-0846-01) and the gp41-28×3 fragment was purified using Ni-NTA, dialyzed into PBS (pH 8.0) and stored at −80°C.
To clone gp41-54CT construct, a region containing the gene ( 630 EWEREISN….. QGLERALL 856 ; numbering based on HXB2) was PCR amplified from pcDNA-MCON6gp160 (kindly provided by Dr. Beatrice Hahn ) using a sense primer 5′-cgcggatcc GAG TGG GAG CGC GAG ATC-3′ and an antisense primer 5′-cggaagc TTA atg gtg atg atg gtg atg CAG CAG GGC GCG CTC CAG-3′. Sixhistidine tag was incorporated into the primer. The resulting PCR product was digested with BamHI and HindIII (underlined) and inserted into the corresponding sites on a vector based on pcDNA*MCON6-gp120-OD described previously (Qin et al., 2014) . The recombinant vaccinia virus expressing gp160 of the HIV-1 DH12 isolate (rVV-gp160 DH12 ) was generated from a single virus variant that was plaque-purified from the Dryvax vaccine obtained from the CDC. First, the plaque-purified virus was attenuated by disrupting the B8R gene by homologous recombination using a pB8R-IFN-γ plasmid that encodes a human IFN-γ gene in between two segments of the B8R gene, resulting in rVVΔB8R-IFN-γ. Next, a second plasmid pNVVDHenv (Cho et al., 2001 (Cho et al., , 1998 , which encodes gp160, was used to insert the gene into a thymidine kinase gene of rVVΔB8R-IFN-γ. The resulting virus was propagated and purified as described previously (Cho et al., 2001 (Cho et al., , 1998 . The details of pB8R-IFN-γ construction, and biological properties of rVVΔB8R-IFN-γ and rVV-gp160 DH12, will be described elsewhere. The MPER sequence of DH12 strain differs from that of MCON6 at two positions (N 674 and S 676 , instead of D 674 and T 676 ).
Rabbit immunization
New Zealand white female rabbits (2.5-3 kg) were purchased from Charles River (USA) and housed under specific pathogen free environments. All animals were tested in compliance with the animal protocol approved by IACUC of Iowa State University. For the IPAS-RAM vaccine group, three rabbits were immunized and samples were taken as shown in Fig. 2A . Rabbits were primed with 200 µg of gp41-28×3 subcutaneously with zinc-chitosan as an adjuvant as previously described (Habte et al., 2015; Qin et al., 2014) . For the second immunization, rabbits were injected subcutaneously with 50 µg of gp41-28×3. Animals were also injected intradermally with 200 µg of gp41-54CT DNA in PBS, followed by electroporation using the AgilePulse In Vivo System (BTX, Harvard Apparatus). For the third immunization, rabbits were injected with 200 µg of gp41-54CT DNA as described above and with rVV-gp160 DH12 (1×10 8 PFUs) through intradermal injection. For the fourth immunization, both 50 µg of gp41-28×3 and rVV-gp160 DH12 were administered. For the homologous prime-boost vaccine group, three rabbits were immunized subcutaneously with 200 µg of gp41-28×3 as shown in Fig. 2C . Serum samples were collected prior to immunization (pre-immune) as well as two weeks post-immunizations. PBMC samples were also collected 4 days after each immunization. Samples were stored at −80°C until used.
Hybridoma generation
Rabbit R3 was injected intravenously using 200 µg of soluble gp41-28×3 in PBS without any adjuvant on week 35. Four days later, the animal was euthanized and the spleen was harvested. Splenocytes were fused to 240E-1 cells (kindly provided by Dr. Katherine L. Knight (Spieker-Polet et al., 1995) ), as previously described Spieker-Polet et al., 1995) . Hybridoma cell culture media were screened by ELISA for specific binding to gp41-28×3 and individual peptides of interest as described below.
Enzyme-linked immunosorbent assays (ELISA)
All ELISA were performed using a protocol described previously (Banerjee et al., 2016; Habte et al., 2015) , except for the use of an alternate blocking buffer containing 2.5% milk and 5% calf sera in PBS (pH 7.5). Various coating antigens were used, including gp41-28×3 (30 ng/well), a mixture of 10-mer peptides biotinylated either at the Nor C-terminus (Habte et al., 2015) , and HIV-1 M group consensus Env peptides (15-mer; 100 ng/well) obtained from the NIH AIDS Reagent Program (Cat# 9487). For the fine epitope mapping analyses, two sets of scanning alanine mutant peptides were used: (1) 13-mer 671 peptide (   671   NWFDITNWLWYIK   683 ) biotinylated at the C-terminal lysine, as previously described (Banerjee et al., 2016; Habte et al., 2015) ; and (2) 13-mer 671 peptide biotinylated at the N-terminal amine of two glycine linker (GG 671 NWFDITNWLWYIK 683 ). For all ELISA testing hybridoma binding, goat anti-rabbit, horseradish peroxidase (HRP)-conjugated antibody (Thermo Scientific; Cat# 31430) was used as secondary antibody.
Neutralization assays
Neutralization assays were performed in TZM-bl cells as previously described Qin et al., 2014; Wei et al., 2002) . Viruses tested included SF162 (tier 1A, clade B), MW965.26 (tier 1A, clade C), and MN.3 (tier 1A, clade B). Murine leukemia virus Env-pseudotyped virus was used as a negative control.
Hybridoma gene sequence analysis
Total RNA was extracted from hybridoma cells using the RNeasy Mini kit (Qiagen). RNA samples were treated with DNAse (Invitrogen) according to a manufacturer's protocol. Samples were subjected to cDNA synthesis using random hexamers and SuperScript III Reverse Transcriptase (Invitrogen). Briefly, 1 μL of random hexamers (Roche) and 1 μL of 10 mM dNTPs were added to 11 μL of DNAse treated RNA. The mixture was heated to 65°C for 5 min, then cooled briefly on ice. Subsequently, 4 μL of 5x First-Strand Buffer, 1 uL of 0.1 M DTT, 1 uL of RNaseOUT™ (Invitrogen), and 1 uL of SuperScript III were added. Reaction was incubated at 25°C for 5 min, 45°C for 45 min, and 70°C for 15 min.
Heavy and kappa chain sequences were amplified with Platinum Pfx (Invitrogen) according to manufacturer's recommendations. Primers were based on a previous publication (Lightwood et al., 2006) and were designed for leader sequences (5′ primer) or the C-terminus of the junction. Primers used for heavy chain amplification were 5′-GATATCAAGCTTACGCTCACCATGGAGACTGGGC-3′ and 5′-CGCGCGCTCGAGACGGTGACSAGGGTSCCYKGGCCCC-3′. Primers used for kappa chain amplification were 5′-GATATCAAGCTTCGAATCGACATGGACACGAGGGCCCCC-3′ and 5′-TCTAGACGTACGTTTGACCACCACCTCGGTCCCTC-3′. Cycling conditions were as follows: Initial denaturation at 94°C for 5 min; followed by 40 cycles of 94°C for 30 s, 68°C for 1.5 min; final extension at 68°C for 7 min; hold at 4°C. PCR products were examined via agarose gel to confirm specific amplification. Products were subcloned for DNA sequencing.
For the 9F6 hybridoma, alternate light chain primers were tested as well. For the kappa chain, 5′ and 3′ primers from a second publication were tested (Rader et al., 2000) . The two 5′ primers used bound the beginning of the FR1 region: 5′-GGGCCCAGGCGGCCGAGCTCGTGM-TGACCCAGACT-3′ and GGGCCCAGGCGGCCGAGCTCGATMTGAC-CAGACT-3′. An alternate 3′ primer, 5′-AGATGGTGCAGCCA-CAGTTCGTAGGATCTCCAGCTCGGTCCC-3′, bound a similar region in the junction as did our original primer. An additional 3′ primer which bound the 3′ untranslated region immediately after the stop codon, 5′-TCACTGGCGGTGCCCTGGCAGGCGTCT-3′, was designed in-house based on NCBI nucleotide sequences. The lambda chain primer set described in Rader et al. (2000) was also tested.
PBMC isolation
For PBMC isolation, EDTA-treated blood was initially spun at 2000×g for 10 min, with brakes turned off, to remove plasma and RBC. The collected cell layer was diluted 1:3 with PBS. Diluted blood was layered over Ficoll-Paque™ PLUS (GE Healthcare) in a 4:3 (blood:Ficoll) ratio. The layered sample was centrifuged at 400×g for 45 min, with brakes turned off. PBMC layer was removed, and washed twice with 10 mL of PBS, followed by centrifugation at 600×g for 10 min, with brakes. PBMC were stored in freezing media (90% fetal bovine serum and 10% DMSO) at −140°C until RNA isolation.
Antibody gene RT-PCR for NGS analysis
Total RNA extraction and cDNA synthesis from PBMCs (~6×10 6 per timepoint) was done as described for hybridomas. cDNA synthesis was scaled up by 6-fold to accommodate this amount of starting material. Resulting cDNA was split into two aliquots and subjected to separate antibody heavy and light chain gene amplification using Platinum Pfx polymerase (Invitrogen). Reaction mixture (150 uL volume, split into 3 tubes) was: 60 μL of cDNA template, 15 μL of 10× buffer, 4.5 μL of 10 mM dNTPs, 3 μL of MgSO 4 , 6 μL of each primer (10 μM concentration), and 1.2 μL of polymerase. Primers and cycling conditions were the same as described for hybridoma sequencing. PCR products were examined via agarose gel to confirm specific amplification. Extra primers and nucleotides were removed using QIAquick PCR Purification Kit (Qiagen). Following purification, heavy and light chain concentrations were calculated, and equal amounts of each were pooled for library preparation.
Next-generation sequencing
The TruSeq DNA LT sample prep kit (Illumina) was used to make NGS libraries, consisting of both heavy and kappa chain variable region fragments, for a 2×250 bp read. The low sample (LS), gel free method was performed according to manufacturer's protocol, with minor modifications. Following end repair of the cDNA, indexing adapters were added using DNA adapter tubes (Illumina). The library quality was determined by Bioanalyzer High Sensitivity DNA chip (Agilent), and quantification was performed using a Qubit (Life Technologies). The sample libraries were run on an Illumina MiSeq according to manufacturer's recommendations.
NGS read processing and quality control
Reads from the two sequencing runs were demultiplexed by Illumina software, following which they were pre-processed using the Repertoire Sequencing Toolkit (pRESTO) . Processing consisted of the following steps: (1) Reads having a mean Phred quality score < 20 were removed. (2) Paired reads were identified from Illumina headers, and aligned. Unpaired reads, and reads with a significance threshold calculated by pRESTO of < 0.1, or mismatch rate < 0.2, were removed. (3) Forward and reverse primers were matched and removed from the reads. Reads not matching primers, or which matched with error rate > 0.2, were removed. (4) Duplicate reads were merged. (5) Reads were split into heavy and light chain sets, based on 5′ primer identification. (6) Where the same sample was processed in multiple sequencing runs, the resulting sets were merged to provide a single heavy and light chain set per sample. (7) Resulting read sets were clustered to a minimum identity of 97% using uparse (Edgar, 2010) . The NGS data have been deposited to the NCBI Short Reads Archives (SRA) as study SRP094044.
Junction identification and germline assignment
Sequences were parsed with IgBLAST v1.4.0 (Ye et al., 2013) using the IMGT germline library for the rabbit (Oryctolagus cuniculus) (Lefranc and Lefranc, 2001) , downloaded 14 March 2015. Subsequent alignments were converted to IMGT output format using IgBlastPlus v1.0 (Lees and Shepherd, 2015) .
Clonal inference and analysis
The cluster diagram (Fig. 5A ) was rendered in Gephi v0.9.1 (Bastian et al., 2009) . For the Streamgraph view (Fig. 5C ), heavy chain reads from all samples were combined, together with the sequences for the isolated mAbs. Clonally related sequences were inferred by clustering junction sequences of the same length and with nucleotide identity ≥90% using a single-linkage algorithm. The identity threshold was determined by consideration of the nearest-neighbor distribution (Fig. S6) . Where the same CDR3 sequence was observed in multiple samples, it was assigned to the earliest sample (or leftmost in the diagram for terminal samples). Code for the Streamgraph view was as previously described (Laserson et al., 2014) . Bands represent clusters of 2 or more CDR3 sequences and the height at each sample point is proportional to the number of CDR3 sequences in the cluster. The overall band height at the sample point reflects the number of unique CDR3 sequences observed in the sample. Because the sequencing depth was uneven, equal samples of 100,000 reads of functional v-regions were drawn from each sample, and the number of unique CDR3 sequences was determined. The average was determined over 100 random draws. Overall band heights are proportional to that average number of unique CDR3 sequences.
Phylogenetic analysis
Full-length sequences from blood plasma samples whose CDR3s clustered with mAbs of interest were reviewed, and those which did not match the mAb V-and J-germline assignments were rejected. To obtain a computationally tractable data set, random downsampling was used to limit the maximum number of sequences from each sample point to 200. Sequences were codon-aligned using TranslatorX (Abascal et al., 2010) following which phylogenetic trees were inferred by IQ-TREE v1.2.2 (Minh et al., 2013 ). The selection model GTR+G4 was selected by the program from consideration of the log-likelihoods of the initial parsimony tree for all available models. Trees were rendered using the ETE Toolkit (Huerta-Cepas et al., 2010) . Intermediate sequences in the development of mAb 9F6, and its germline junction sequence, were inferred by PHYLIP (Felsenstein and Churchill, 1996) and the logo diagram was rendered with Berkley WebLogo (Crooks et al., 2004) . Percentage identity to the mAb and divergence from the germline was determined using in-house software.
5.14. In-house software Software developed in-house for the analysis (clustering, charting of germline attribution, spectratypes, germline identity) is available as part of TRIgS (http://cimm.ismb.lon.ac.uk/trigs/) (Lees and Shepherd, 2015) .
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